Introduction
There are several economic magnesite deposits in the western section of the İzmir-Ankara Suture Zone (IASZ). The host rocks are ultramafic Cretaceous ophiolitic units around Süleymaniye (Mihallıccık), Margı (Dağküplü), and Tutluca in the Eskişehir region ( Figure 1 ) with characteristics of Supra Subduction Zone (SSZ) types. Magnesite mineralization is common in the Cretaceous ophiolities in the IAS zone. The Eskişehir area provides the main economic magnesite production in Turkey. The Tutluca magnesite deposits have been operated as open-pit quarries, but the magnesite deposits of Süleymaniye and Margı have become depleted. Magnesite mineralization in the study area is restricted to shallow depths because it fills in brittle fractures and cracks in serpentinites as veins and stockworks. The common serpentinite minerals are chrysotile, lizardite, and small amounts of antigorite, but these are pervasively altered with alteration accompanied by the formation of magnesite deposits.
Typically the carbonation of magnesium silicate minerals (e.g., serpentinite, olivine) at temperatures below 200 °C is an exothermal process, involving the incorporation of CO 2 into stable carbonate (Boschi et al., 2009) . Serpentine may coexist with CO 2 -poor fluids, but it becomes unstable as the partial pressure of CO 2 increases in the fluid phase, and at low temperatures (<300 °C), serpentinite reacts to form magnesite + quartz, as observed in many magnesite deposits (Johannes, 1969) . Si solubility increases at high pH (≥9; Uçurum, 2000; Boschi et al., 2009 ) and in high temperature environments, suggesting that the silicadominated mineral assemblages at Malentrata (Ligurian ophiolite, Tuscany, Italy) need to have been precipitated from a relatively low-pH fluid, and at low temperature, during the interaction with the wall-rock (Boschi et al., 2009 ). Contrary to this, magnesite precipitation at low temperatures is typically inhibited in quartz-saturated, low pH fluids, but is enhanced in fluids heated to higher temperatures, where CO 2 is lost, with decreasing salinity and increasing pH (Akbulut et al., 2006) . Dissolution of CO 2 in aqueous fluids lowers the pH of the system. The Malentrata serpentinites have likely been altered at low temperature, by Si-and CO 2 -rich, slightly acidic fluids, leading to the precipitation of silica and magnesite according to the following reactions (with CO 2 (aq) standing for aqueous CO 2 ) (Boschi et al., 2009) Serpentinites buffered the pH of the reaction, allowing the simultaneous precipitation of magnesite and opal. Upon total dissolution of the serpentinite, the pH equilibrated at a lower level, resulting in leaching of most carbonates to leave just silica (Barnes et al., 1973; Robinson et al., 2005 , Boschi et al., 2009 The principal precipitation of Mg-dominated carbonate at Malentrata is observed along tectonic fractures in domains distinct from those bearing silicates. Most likely, the moderate/low pH, Mg-bearing, hydrothermal fluids escaped from their original reaction zones and were focused in the fractures, where they experienced pressure loss resulting in the precipitation of carbonates. Pressure loss likely caused fluid boiling and the deposition of cryptocrystalline magnesite (Boschi et al., 2009) . Such a process induced partition of CO 2 into the vapor phase, thereby reducing the CO 2 content and increasing the pH of the Mg-bearing fluid (Reed and Spycher, 1985) . In the study areas, harzburgite had first undergone extensive serpentinization (during obduction), resulting in the precipitation of MgCO 3 in fractures and cracks with residual SiO 2 -rich solutions forming in the listvenite upper part of the serpentinized harzburgites. Schroll (2002) described the Kraubath type (Pohl, 1989) magnesite deposits as crypto/micro-crystalline, white-colored magnesites that occur in concretions in the soil or in sediments immediately overlying or adjacent to ultramafic rocks, and in strings and veins or stockworks in ultramafic bodies. Magnesite deposits hosted in extensively altered ultramafic rocks are common throughout the world and occur with minor amounts of talc, quartz, and dolomite (Griffis, 1972; Barnes et al., 1973; Duski and Morteani, 1989; Jedrysek and Halas, 1990; AbuJaber and Kimberley, 1992a, 1992b; Schandl and 1992; Prasannakumar et al. 2002; Ghoneim et al., 2003; Gartzos, 2004; Hansen et al., 2005; Robinson et al., 2005; Akbulut et al., 2006) . Meter to kilometer magnesite veins are interpreted in terms of ultramafic rocks that interacted with CO 2 -bearing meteoric/hydrothermal fluids, where prolonged regional tectonics have been active, producing continuous networks of shallow crustal fractures (Pohl, 1989; Boschi et al., 2009 ). The aim of this paper is to present the results of a study of the stable isotopes of the magnesite deposits of the Süleymaniye, Margi, and Tutluca areas. Here, we describe the source of the carbon and the precipitation temperature of the magnesite deposits in the Eskişehir area. Similar studies by Ece et al. (2005) nearby, by Zedef et al. (2000) in southwest Turkey, and by Kadir et al. (2013) in northeast Turkey reveal controversies regarding the origin of the magnesite, the source of the carbon, and the precipitation temperature. In this study, we use stable isotope analysis to constrain the source of the mineralizing fluids and to assess the conditions of formation of the magnesite deposits. The deposits in the Eskişehir area are compared with similar magnesite deposits from other countries. 
Analytical methods

Regional geology
The study areas are in northwest Anatolia, in Eskişehir Province. South of the İzmir-Ankara suture belt, between Bursa and Nallıhan, the Tavşanlı Zone forms a 50-km wide coherent blueschist belt in Western Anatolia, representing the northward subducted passive continental margin of the Anatolide-Tauride Platform, characterized by thick Triassic to Cretaceous carbonate platform sequences (Okay et al., 1998) . The magnesite deposits lie within the Tavşanlı zone that truncates the Pontide terrain to the north and is bounded by the metamorphic rocks of the Afyon Zone to the south (Figure 1 ). The İzmir-Ankara Zone (Brinkman, 1966 ) is composed of ophiolitic melanges and widespread ultramafic rocks. All major magnesite occurrences of Turkey were formed within the serpentinites in this suture zone. These are the host rocks of cryptocrystalline magnesite deposits, which are located around the Süleymaniye (Mihalıççık), Margı (Dağküplü), and Tutluca areas. Göncüoğlu et al. (2006) indicated that radiolarian evidence suggests that rifting of the Neotethys İzmir-Ankara Zone occurred in the Late Triassic and the İzmir-Ankara oceanic plate did not get subducted until the Cenomanian. Defining the formation of the supra-subduction zone (SSZ) type oceanic crust in the eastern part of the İzmir-Ankara Suture Belt, Göncüoğlu and Türeli (1993) and Yalınız et al. (1996) accepted that the İzmir-Ankara oceanic basin began to close by intraoceanic subduction (Göncüoğlu and Türeli, 1993; Tüysüz et al., 1995; Göncüoğlu et al., 1997 Göncüoğlu et al., , 2006 Okay and Tüysuz, 1999) . The oldest ages obtained from the amphibolites in the İzmir-Ankara Suture Zone were between 101 Ma (Harris et al., 1994; Göncüoğlu et al., 2006) and 90 Ma (Önen, 2003; Göncüoğlu et al., 2006) . Gökten et al. (1988 Gökten et al. ( , 2006 indicated that the formation of the ophiolitic melange of the northern trench probably started during the Early Cretaceous and terminated at the end of the Middle Lutetian with the Pre-Campanian collision.
Geology
Geology of Süleymaniye
In the Süleymaniye area, the oldest sequence is a metasedimentary unit of the Triassic Karkın Formation exposed to the north and west of Kızılcaoren village, and first defined by Gözler et al. (1997) . The formation consists of metamorphosed sandstones and conglomerates, together with phyllite, but includes a recrystallized Lower Carboniferous-Upper Permian limestone block (Gözler et al., 1997) . A well exposed ultramafic unit occurs at Doğray, Yalımlı, and Süleymaniye villages, consisting of serpentinized peridotite and listvenite of Upper TriassicLower Jurassic age (Gözler et al., 1997) structurally overlying the Karkın Formation. The rocks have undergone extensive serpentinization and are hosts to magnesite deposits. Around Süleymaniye village they are overlain unconformably by the Porsuk Formation, comprising conglomeratic limestone, limestone, and marl-clay units of Middle-Upper Miocene age. Silicified serpentinite (listvenite) crops at the top, and usually occurs along fractures. These massive rocks are observed from tile-red to brown color (Figure 2 ).
Geology of Margı
Northeast of the city of Eskişehir, between Margi, Taycilar, and Sepetci the basement consists of Triassic Sömdiken metamorphic rocks. These crop out extensively north of Taycılar, consisting of the Sömdiken gneiss and limestone (Gözler et al., 1997) . The Sömdiken limestone overlies the Sömdiken gneiss with a transitional boundary. The Gündüzler Melange (named by Gözler et al. (1997) ) is exposed in a small area around Margı tectonically overlying the Sömdiken metamorphic rocks. The Gündüzler Melange comprises a sequence of mudstoneradiolarite (Mjr-ct), metadetritic (Mjd), and crystallized limestone (Mjkct) units separated by tectonic contacts and represent the tectonic slice beneath the ophiolites. The Karabayir ophiolities exposed around Margı, Taycılar, and Başören include peridotites, diabase, and listvenite. The ophiolites were tectonically thrust over the Sömdiken metamorphics. The Middle-Upper Miocene Porsuk Formation rests unconformably on the former units and comprises conglomerate-sandstone (Np1), marl-clay (Np2), and limestone (Np5) members. Younger alluvial deposits unconformably cover all units (Figure 3 ).
Geology of Tutluca
Tutluca village lies southwest of Eskişehir. The basement consists of İnönü blueschist and marble of Triassic age (based on comparison with the Sivrihisar Metamorphics by Gözler et al. 1997) , exposed in a small area north of the village. These are overlain tectonically by an ophiolite complex, well exposed in this area and mainly consisting of peridotite and metamorphosed gabros. The peridotite consists of serpentinized harzburgite and dunite. The Tutluca magnesite deposit occurs in serpentinized harzburgite. The Pliocene Ilıca formation (named by Gözler et al. (1997) ) overlies older units unconformably and is exposed around Tutluca and Nemli. It comprises conglomerate-sandstone (pli), basalt (PIB), and andesite (α). All of these units are overlain unconformably by younger alluvial deposits (Figure 4 ).
Description of the deposits
The magnesite deposits typically consist of veins and stockworks hosted in altered ultramafic units ( Figures  2-4) . The veins are highly variable in width and orientation occurs along faults, joints, and other fractures ( Figure  5a ). Near-surface veins are thin and usually form dense networks or stockworks (Figure 5b ). The fresh magnesite is usually snow white, but the outer surface may be yellow, brown, or orange and shows a concoidal fracture and resembles unglazed porcelain. Some fracture surfaces are coated with manganes dendrites. Locally, outer surfaces are characterized by cauliflower-like coalescent aggregates (Figure 5c ). Contacts between the magnesite and host rock are sharp and regular (Figure 5d ). Magnesite veins in the Süleymaniye area are typically 30-60 cm thick, and 1.5-3 m long, but in stockworks are only 1 mm-1 cm thick, and 20 cm long. In the Margı magnesite veins display sudden changes in both thickness (from 2 cm up to 20 cm) and length (from a few meters up to 9 m), and were exploited by open pits. Deposits in the Tutluca area have also been mined in 3 open pits. The deposit northeast of Tutluca has veins 20 cm thick and 3 m long and in stockwork thickness varies from 1 to 3 cm and length varies irregularly. In the Koçbalik quarry, south of Koçbalık village, the magnesite deposit includes a single vein 5 m wide and 5 m long, but also veins 15-20 cm thick and 3 m in length surrounded by a thin stockwork (Figure 5d ). Veins may be vertical or horizontal, but the general orientation of the stockwork magnesite is NW-SE.
Petrography
Petrographic and XRD studies indicate that magnesite is the major mineral in these deposits, but some also contain secondary calcite and dolomite. The magnesite is commonly cryptocrystalline, made up of dense micrite and microsparite (Figure 6a, 6b) with rare pinolitic (crystals shaped like pinole) texture. Microsparite was formed by partial or complete recrystallization of micrite because of etched boundaries with micrite areas (Figure 6c ). The color varies from light gray to dark gray (crossed polars). SEM images indicate that cryptocrystalline magnesite shows a well-formed rhombic crystal 1-2 µm in diameter Büyükadası T. T u z la lı k S r.
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Kartal D. Table 1 ). These values show that the source of oxygen in all magnesite deposits (Süleymaniye, Margı, and Tutluca) came from marine limestone and metamorphic rocks (Criss, 1999;  Figure  7) . Zedef et al. (2000) and Ece et al. (2005) Gartzos, 1990; Zedef et al., 2000; Ece et al., 2005) . The δ 13 C values of the Süleymaniye, Margı, and Tutluca magnesite deposits are given in Table 1 C values obtained indicate that the sources of CO 2 in magnesites in the study area were atmospheric CO 2 , dissolved inorganic carbon (from underground), freshwater carbonate, and mantle derived CO 2 (Clark and Fritz, 1997 ; Figure 8 ). The sources of CO 2 for the Süleymaniye, Margı, and Tutluca deposits are the same, but in the Süleymaniye deposit the higher δ 13 C values indicate CO 2 derived from mantle sources and from marine limestones more than the others (Figure 9 ). These higher δ 13 C isotopic values are related to the more effective mantle derived CO 2 . Fallick et al. (1991) , Zedef et al. (2000) , Brydies et al. (1993) , and Ece et al. (2005) all suggest that δ 13 C V-PDB values between -10‰ and -15‰ indicate a contribution of carbonate from decarboxylation of organic-rich sediments, which may be overthrust by the ultramafic rocks. Curtis (1978) and Emergy and Robinson (1993) indicate that the decarboxylation of organic-rich sediments begins at temperatures of around 70 to 75 °C. Gartzos (2004) suggested that ultramafic hosted magnesite deposits from North Evia, Chalkidiki, and Lesvos of Greece have δ 13 C and δ
18 O values ranging from -8.63‰ to -14.85‰ and from 24.0‰ to 30.1‰, respectively. Fallick et al. (1991) and Zedef et al. (2000) pointed out that cold meteoric water (≤100 °C) was the likely mineralizer, and that ultramafic rocks were the source of the magnesium in many magnesite deposits, but that there were 3 distinct sources of bicarbonate based on their stable isotope compositions: O values of ~19‰ V-SMOW, assumed to have been generated by thermal contact metamorphism of Paleozoic marine limestones at depth.
Based on these results, magnesite deposits fall into groups on 2 mixing lines. The first group lies on the assumed mixing line from an 'atmospheric' source (1) to an 'organically derived' source of CO 2 (2) and the second group on the line between an 'atmospheric' source (1) and a 'thermal' source (3), but the distribution of our study areas samples shown in Figure 9 was concentrated either around the atmospheric end or exactly at the contact metamorphic end of the line (Zedef et al., 2000) .
Discussion
The areas studied are in ultramafic units within the İzmir-Ankara-Erzincan Suture Zone (IASZ), which reflects the closure of the northern branch of Neotethys. In this region, magnesite is widely exposed within Cretaceous ophiolites, consisting of serpentinized harzburgite. Mineralization is restricted to shallow depths and magnesite fills brittle fractures and cracks in serpentinites forming veins and stockworks. Stable isotope data from the Süleymaniye, Margı, and Tutluca magnesite deposits, together with those in former Yugoslavia (Fallick et al., 1991) , Turkey (Zedef et al., 2000) , and Poland (Jedrysek and Halas, O isotopic values of the Süleymaniye, Margı, and Tutluca deposits are similar to those of Helvacibaba and other vein and stockwork deposits, whereas δ 13 C values are slightly higher (Table 2) . Different genetic models have been proposed to explain the origin of the magnesite in ultramafic rocks. For these models, supergene, hypogene, and combined processes have been proposed (Frank and Fielding, 2003) . Fallick et al. (1991) , Zedef et al. (2000) , Ece et al. (2005) , Mirnejad et al. (2008) , and Kadir et al. (2013) explained the formation of magnesite deposits related to ultramafic rocks in the Alpine orogenic belt as reflecting a combination of supergene and hypogene processes. Gartzos (1990) proposed a mixing model of ascending CO 2 -rich fluids with descending meteoric water, precipitation of magnesite occurs below 60 °C, based on isotopic data. In all of the models, a majority of researchers accepted that the source of Mg +2 , which is necessary for magnesite mineralization, was from serpentinites (Barnes and O'Neil, 1969; Barnes et al., 1973 Barnes et al., , 1978 Dabitzias, , 1981 Burgath et al., 1981) , but the source of the carbonate is debated. The following various origins have been proposed: 1. Atmospheric CO 2 (e.g., O'Neil and Barnes, 1971; Zedef et al., 2000) , 2. Decarboxylation of organic-rich sediments (e.g., Fallick et al., 1991; Brydie et al., 1993; Zedef et al., 2000; Ece et al., 2005) , 3. Thermal decarbonation of limestone (e.g., Fallick et al., 1991; Zedef et al., 2000; Ece et al., 2005) , 4. Soil-derived decomposition of plant material and surface weathering (e.g., Zachmann and Johannes, 1989; Zedef et al., 2000) , 5. Regional metamorphic reactions at >300 °C (e.g., Abu-Jaber and Kimberley, 1992; Zedef et al., 2000 ), 6. Volcanogenic sources (e.g., Illich, 1968 Zedef et al., 2000) , and 7. Deep-seated sources (cf. Kruelen, 1980) or a combination of the above (e.g., Zedef et al., 2000) .
Numerous studies have used the δ 18 O and δ 13 C isotope ratios of magnesite to suggest the source of the fluids responsible for magnesite formation in Australia, Yugoslavia, Greece, and Turkey (e.g., Gartzos, 1980 Gartzos, , 1990 Gartzos, , 2004 Kralik et al., 1989; Jedrysek and Halas, 1990; Fallick et al., 1991; Abu Jaber and Kimberley, 1992a, 1992b; Brydie et al., 1993; Zedef et al., 2000; Schroll, 2002; Ece et al., 2005; Kuşcu and Cengiz, 2005) . In this study, the δ 13 C values of the Süleymaniye stockwork magnesite deposits have a range between -2.70‰ and -7.7‰ V-PDB. The Margı deposits are characterized by δ 13 C values of -7.6‰ and -11.2‰ V-PDB and the Tutluca deposits similar δ 13 C values from -8.7‰ to -10.6‰ V-PDB. These values are appropriate for deep-seated or mantle sources of CO 2 (ranging from -4‰ to -8‰ V-PDB; Denies, 1980) and indicate derivation from the decarboxylation of organicrich sediments buried beneath the obducted ultramafic rocks, with some contribution from the thermal decarbonation of limestone (Fallick et al., 1991; Zedef et al., 2000; Ece et al., 2005) .
Temperature is the most important factor that controls oxygen isotope fractionation. Hence, the temperature of the water can be calculated using the following equation (Aharon, 1988) : (2000)). According to this, we can say that magnesite formed from low and moderate-temperature water under surface or nearsurface conditions. In the present study areas, ophiolites are the remnants of the Neotethys ocean that closed during the late Triassic-Early Cretaceous. The ultramafic rocks were emplaced during the Late Triassic to Early Jurassic. The area was later subject to tectonic movements that produced faulting and fracturing. However, in addition, the Margı-Taycılar, Tutluca, and Süleymaniye areas were also influenced by volcanic activity in the Mesozoic, Eocene, and Miocene periods, respectively. The isotopic data indicate that meteoric water percolated through (Gartzos, 1990) Lesvos (Greece) -12.5 -(-3.9) 24.0-27.7 Vein and stockwork magnesite (Gartzos, 1990) Chalkidiki (Greece , and Si +4 from the ultramafic rocks, taking them into solution. Carbon was derived from organic-rich sediments by decarboxylation of organic material, but also from dissolution of limestones. Volcanic activity may have been an additional source of CO 2 , augmenting the dissolution of limestone and decarboxylation with additional heat. These resulting solutions ascended, becoming more alkaline with pH > 11 (Ece et al., 2005; Kadir et al., 2013) . As saturation increased, magnesite precipitated in fractures and cracks within near-surface ultramafic rocks.
The oxygen isotope compositions of magnesites from the Eskişehir deposits range from 27.2‰ to 30.8‰, with carbon isotope compositions varying from -2.7‰ to -11.2‰. Similar compositions have been reported from similar vein and stockwork deposits from Turkey (Koyakcı Tepe; Helvacibaba, Nemli, and Margı), Poland, former Yugoslavia, and Greece (North Evia and Chalkidiki). All these deposits have similar isotopic compositions, suggesting that they formed under similar conditions. In the study area, magnesite occurs within cracks and fractures in ultramafic units that provide the source of the magnesium required. The deposits are commonly cryptocrystalline and consist of dense micrite and microsparite. The isotopic values of the Süleymaniye magnesite deposits suggest that CO 2 was released during the decarbonation of limestone in the Karkin Formation, which is overthrust by the ophiolites. The Sömdiken marble provided the source of CO 2 in the Margı magnesite deposits and İnönü marble the source of CO 2 in the Tutluca magnesite (Figure 10a , b, c). Another potential CO 2 source in the Süleymaniye and Margı magnesite deposits is younger limestone units in the Porsuk Formation. Slightly higher δ 13 C values in these (-2.7‰, -11.2‰ V-PDB) may reflect mantle-derived CO 2 .
Mesozoic volcanism may have influenced the formation of the Margi magnesite deposits, whereas Eocene volcanism at some distance from the Süleymaniye deposits reflected in a hot water source in the Hamamdere area may further support hydrothermal effects. In some way, Miocene volcanism is present in the Tutluca area and may have influenced magnesite deposition. We cannot exclude the contribution of meteoric water. Descending meteoric water may be heated and mixed with ascending CO 2 -bearing solutions. The formation of ultramafichosted magnesite deposits requires the interaction of CO 2 -rich fluids and ultramafic rocks. Magnesium is released by serpentinization of the ultramafic rocks and during weathering. Serpentinization is thought to have taken place during obduction. At relatively low temperatures (<350 °C), slightly acidic CO 2 -rich hydrothermal fluids react with harzburgite, resulting in extensive serpentinization and the generation of Mg-bearing solutions. When these fluids move upwards, decrease in pressure and escape of CO 2 result in the precipitation of magnesite in fractures in the serpentinites. Near surface residual solutions react to form listvenite.
